The herpes zoster vaccine has shown that boosting cellular immunity by therapeutic vaccination can help control a chronic viral infection [1] . CD8 + cytotoxic Tlymphocytes (CTLs) play an important role in the control of human immunodeficiency virus (HIV) disease progression [2] [3] [4] [5] and appear to be responsible for long-term viral suppression in some individuals [4, 6, 7] . Therefore, vaccination to boost existing CTLs and/or induce new CTL responses in individuals receiving effective antiretroviral therapy is a potentially useful adjunctive treatment [8] [9] [10] [11] . Unfortunately, no human therapeutic vaccination trial for HIV has shown convincing evidence for vaccine-induced suppression of viral replication [12] [13] [14] [15] [16] [17] [18] [19] . Early studies suffered from the use of weak immunogens; more-recent studies have been conducted with more-potent immunogens, but characterization of vaccine-induced CTL responses has been limited [12] . As a result, little is known about the effect of vaccination on preexisting immunity or the induction of new T-cell clonotypes directed against new epitopes. A better understanding of the effects of vaccination with a potent immunogen on existing HIV-specific immunity would facilitate the design of future therapeutic trials. We have previously shown that a DNA prime, recombinant adenovirus type 5 (rAd5) boost vaccination induces strong CTL responses in healthy HIV-uninfected volunteers [20] [21] [22] . CTL responses induced by this vaccine are detectable in most vaccinees, broadly directed, and polyfunctional, a characteristic that is associated with long-term viral control in individuals with chronic HIV infection [23] . This vaccine is currently being tested in a phase IIb preventive trial in the United States (clinical trials registration NCT00865566). Here, we report the results of a phase I, double-blind, placebo-controlled trial in which the vaccine was given to 12 individuals who were HIV infected and virologically suppressed to a VL <50 copies/ml by antiretroviral therapy before, during and after vaccination. We performed an extensive characterization of the magnitude, phenotype, function, epitope specificity, and clonotypic structure of the HIV-specific CTL response before and after vaccination.
METHODS

Study Participants
The Vaccine Research Center 101 study (VRC 101; NIH 06-I-0056; clinical trials registration NCT00270465) was a doubleblind, placebo-controlled vaccine trial approved by the National Institute of Allergy and Infectious Diseases (NIAID) Institutional Review Board and reviewed by the Intramural NIAID Data and Safety Monitoring Board in accordance with Title 45, Part 46, of the US Code of Federal Regulations. The Division of Acquired Immunodeficiency Syndrome of the NIAID sponsored the Investigational New Drug application. The VRC conducted the study.
All subjects signed informed consents. Highly active antiretroviral therapy (HAART)-treated HIV-infected individuals who were 18-50 years old, had CD4 + T-cell counts of >350 cells/μL, and had undetectable HIV loads (<50 copies/mL) were randomly assigned in a 2:1 ratio to receive vaccine or placebo. HIV infection was confirmed using an HIV-1/HIV-2 enzyme-linked immunosorbent assay (ELISA). Individuals with nadir CD4 + T-cell counts of <100 cells/μL or chronic active hepatitis were excluded, as were pregnant women and individuals taking systemic immunosuppressive drugs. No samples were available from subjects prior to the initiation of therapy.
Randomization and Masking
Study participants were randomly assigned to the vaccine or placebo arm on the basis of the protocol design (Figures 1A and  1B) by means of a computer-generated block-randomization procedure. The randomization code was generated and maintained by the study statistician and the pharmacists.
Vaccine and Vaccination Schedule
Vaccine recipients received 4-mg VRC-HIVDNA016-00-VP priming vaccinations on day 0, week 4, and week 8, followed by 10 10 particle units of VRC-HIVADV014-00-VP as a boost vaccination at month 6. Both vaccines have been described previously [24, 25] . All vaccinations were given intramuscularly in a 1-mL volume. The Biojector 2000 injection system was used to administer VRC-HIVDNA016-00-VP; a needle and syringe were used to administer VRC-HIVADV014-00-VP. Phosphatebuffered saline (PBS) was used as placebo for VRC-HIVDNA016-00-VP vaccinations. Final formulation buffer was used as placebo for VRC-HIVADV014-00-VP. Study supplies were manufactured under current Good Manufacturing Practices conditions. Safety evaluations included physical examination and monitoring of laboratory parameters. Local ( pain, swelling, or redness) and systemic (fever, malaise, myalgia, headache, chills, or nausea) reactogenicity symptoms were recorded on 5-day diary cards following each vaccination.
Peptides
All peptides used had a purity of >70%. Peptides were pooled according to antigen (EnvA, EnvB, EnvC, Gag, Pol, and Nef ) or in a separate matrix format for epitope mapping.
Measurement of Antibody Responses and Epitope Mapping
Standardized research ELISAs were performed to delineate antibody responses to viral antigens encoded within the vaccine [25] . Ninety percent Ad5 neutralization titers were measured as described previously [26] . Raw peptide microarray data were processed and analyzed as described elsewhere and used to determine changes in epitope-specific antibody responses [27] .
ELISpot Assays
Longitudinal frequencies of T-cell responses to vaccine antigens were determined using a validated ELISpot assay [28] . ELISpot assays used to identify HIV-derived epitopes were performed as described previously [29] . All assays used cryopreserved cells.
Antibodies
Anti-CD4 Cy55PE, anti-CD8 Qdot 705, anti-CD14 Pacific Blue, and anti-CD19 Pacific Blue were from Invitrogen. Anti-CD27 Cy5PE and anti-CD45RO TRPE were from Beckman
Coulter. Anti-CD107a Alexa680 and anti-HLA DR Alexa680 were conjugated in our laboratory (available at: http://drmr. com/abcon/index.html). Other antibodies were purchased from BD Biosciences. Twelve individuals received 3 DNA prime vaccinations, with the first vaccination administered at enrollment and the second and third DNA priming vaccinations administered 1 and 2 months, respectively, after enrollment. A replication-deficient adenovirus type 5 (Ad5) boost vaccination was given at month 6. Five individuals received placebo injections. Blood draws used for immunologic assessment are shown by x's. Individuals who agreed to apheresis underwent this procedure in the month preceding vaccination and 1 month after recombinant Ad5 (rAd5) boosting. Primary immunologic end points were the differences between human immunodeficiency virus (HIV)-specific interferon γ responses at enrollment; at week 10, 2 weeks after the last DNA priming vaccination; and at week 28, 4 weeks after rAd5 boosting. Abbreviation: Vax, vaccination.
CD8 + T-Cell Epitope Mapping
To identify HIV-specific CD8 + T-cell epitopes using minimal sample, a 5-dimensional matrix was constructed containing 869 different peptides in 75 different peptide pools. Each pool contained 60 different 15mers [30] . Each peptide was represented 5 times in these pools. Pre-and postvaccination interferon γ (IFN-γ) ELISpot matrices were run in parallel. Candidate epitopes were identified by matrix response pattern. For each candidate epitope, a second-round pre-and postvaccination determination was performed to determine the actual peptide epitope. Intracellular cytokine staining assays identified CD4 + and CD8 + T-cell epitopes.
Flow Cytometry
Cryopreserved peripheral blood mononuclear cells (PBMCs) were thawed and rested in R10 for 2 hours prior to use. For peptide epitope identification, PBMCs were stimulated overnight in a 96-well V-bottomed plate. Permeabilized cells were stained with anti-CD3, anti-CD4, anti-CD8, anti-IFN-γ, and anti-tumor necrosis factor α [31] . The limit of detection was 0.02%. CD8+ T cell functional and activation profiles were characterized as described previously [23, 32] . Data were collected on a LSR II flow cytometer (BD Immunocytometry Systems). Analysis was performed using FlowJo software (Tree Star, Inc).
Tetrameric Antigen Complexes
Recombinant peptide-major histocompatibility complex class I (pMHCI) tetramers were produced as described previously [33] .
Tetramer Staining and Cell Sorting
Frozen PBMCs were thawed, rested, and stained with LIVE/ DEAD Violet Viability/Vitality Dye (Invitrogen). After washing with PBS, pretitered amounts of tetramer were added and incubated at 37°C for 10 minutes. Cells were then washed and stained with anti-CD3 H7APC, anti-CD4 Cy5.5PE, and anti-CD8 PE for 10 minutes at room temperature. Viable CD3 + CD4 − CD8 + tetramer + cells were sorted directly into RNAlater (Ambion), using a modified FACS Aria flow cytometer (BD Immunocytometry Systems), and stored at −80°C.
Clonotypic Analysis
HIV antigen-specific CD8 + T-cell repertoires were characterized using an unbiased template-switch anchored reverse transcription polymerase chain reaction to amplify TRB gene products as described previously with minor modifications, including the addition of a barcode to the 5′ RACE primer [34] . Sequences were analyzed using Sequencher 4.9 and BioEdit 7.0.5.3. Nonproductive rearrangements and sequences determined to be products of resampled complementary DNA template were disregarded.
Determination of Viral Loads and CD4 + T-Cell Counts
CD4 + T-cell counts and clinical HIV loads were determined by a CLIA-certified laboratory. Ultrasensitive single-copy sensitive viral loads were measured as described previously [35] .
Determination of Frequency of Latently Infected CD4 + T Cells
CD3
+ CD4 + T cells with an HLA DR − phenotype were purified from frozen PBMCs by flow cytometry, diluted 5-fold, and cultured as described previously [36] . Frequencies of infected cells were determined in infectious units per million (IUPM) on the basis of maximum likelihood methods [37] . Pre-and postvaccination purified CD4 + T cells from the same individual were cultured simultaneously on the same pool of PBMC-irradiated feeders to minimize experimental variation.
Statistics
Safety and tolerability of the vaccine regimen were the primary end points of this study. Secondary objectives were comparisons of the HIV-specific T-cell frequency, breadth, phenotype, and function before vaccination and 4 weeks after Ad5 boosting. All values are reported as medians, with ranges in parentheses. Statistical comparisons were performed using Prism statistical programs (GraphPad software). Pre-and postvaccination comparisons were performed using the Wilcoxon signed rank test. All tests were 2 tailed. Half-maximal functional sensitivities were determined by fitting the data to a nonlinear sigmoidal model, using Prism.
RESULTS
Subjects
Seventeen HIV-positive subjects were enrolled into VRC 101. All were white males infected in the United States and were assumed to have HIV clade B infection. Twelve volunteers were randomly assigned to the DNA prime, rAd5 boost arm; 5 volunteers were randomly assigned to the placebo arm ( Figure 1B ). CD4 + T-cell counts and Ad5 neutralization titers were similar in both arms ( Table 1 ). One report of severe myalgia and malaise was caused by a work-related fracture. Among the 5 placebo recipients, 1 reported mild systemic symptoms at least once. After rAd5 boost injections, local reactogenic events in both vaccine and placebo recipients were mild at most. No serious vaccine-related adverse effects were reported during this trial. One subject each from the vaccine and placebo groups was withdrawn from the vaccination schedule because of adverse events (urticaria and ventricular bigeminy, respectively) assessed as unlikely to be related to study injection.
Vaccine Boosted T-Cell Responses
Vaccination resulted in a significantly stronger HIV-specific Tcell responses. Compared with the response frequency before vaccination, Gag-(P < .005), Pol-(P < .05) clade A (P < .005), clade B (P < .005), and clade C (P < .05) Env-specific ELISpot responses were all significantly increased 1 month after boosting ( Figure 2A ). The frequency of Nef ELISpot responses, which were not encoded in the rAd5 vaccine used in this trial, was not significantly increased; furthermore, there was no change in the frequency of ELISpot responses observed in sham-vaccinated individuals. A significant increase in the frequency of HIV-specific ELISpot responses was not seen 3 or 6 months after rAd5 boosting. There was no apparent effect of Ad5 seropositivity or nadir CD4 + T-cell count on the boosting of HIV-specific responses.
Epitope Mapping
To further define the effects of vaccination, epitope mapping using vaccine-matched overlapping 15mers was performed for 8 vaccine recipients and 3 placebo recipients who volunteered for apheresis the month preceding the first DNA vaccine or placebo-injection and one month after the rAd5 boost vaccination or placebo-injection. Epitopes were first identified using ELISpot analysis, and epitope-induced IFN-γ production by CD8 + T cells was confirmed by intracellular cytokine staining.
This effort identified 48 vaccine-matched epitopes in the 8 vaccinees. By ELISpot analysis, the frequencies of postvaccination responses to these epitopes were significantly higher than those before vaccination (P < .001). In the 3 placebo recipients, 11 peptide epitopes were identified. No significant differences were found between the frequencies of pre-and postvaccination responses to these epitopes ( Figure 2B ). Epitope-specific CD8 + T cells were also more frequent after vaccination than they were before vaccination, when intracellular cytokine staining analysis was used (P < .05); no difference was observed in placebo recipients. When the response measured by intracellular cytokine staining was separated into Gag-, Pol-, Env-, and Nef-specific gene products ( Figure 2C ), only Gag peptide-specific responses were significantly increased (P < .05).
Function and Maturation of CD8 + T-Cell Responses
Optimized 8-10mer epitopes were determined on the basis of the vaccine recipient's class I HLA type, published epitopes, or class I binding motifs and the subject's response to candidate peptides. Vaccine-specific responses were characterized using 6 optimized epitopes (Supplementary Table 2 ). The median increase in CD8 + T-cell responses to these epitopes In vaccinees, the frequency of postvaccination IFN-γ responses was significantly higher after vaccination (P < .001). No significant difference was observed in incubations containing PBMCs from placebos. C, Frequency of IFN-γ-producing CD8 + T cells measured by intracellular cytokine staining in response to 6-hour incubation with specific 15mers identified as inducing IFN-γ production either before or after vaccination. Responses are shown for Gag, Pol, Nef, and Env 15mers. No Env epitopes were identified in the placebo group. Postvaccination IFN-γ production was observed significantly more frequently in vaccinees after vaccination than before vaccination (P < .05). When grouped by HIV gene product, only Gag-specific responses were significantly increased by vaccination (P < .05). No significant difference was observed in the placebo group. Abbreviation: Vax, vaccination.
after vaccination was 2.01-fold (range, 1.51-7.24-fold). Five functions (surface mobilization of CD107a and intracellular production of IFN-γ, tumor necrosis factor α, interleukin 2, and macrophage inflammatory protein 1β) were quantified for these epitope-specific responses; the median number of simultaneous functions increased from 1.65 (range, 1.17-2.17) before vaccination to 2.19 (range, 1.5-2.95) after vaccination (P < .05; Figure 3A) . The maturational phenotype of these epitope-specific CD8 + T cells was also determined (Supplementary Figure 1A ). In general, epitope-specific responses were either slightly more mature (based on loss of CD27 expression) or unchanged after vaccination, compared with before vaccination ( Figure 3B ). The exception was the CD8 + T-cell response to the B51-restricted epitope YI9: expression of CD27 on antigen-specific CD8 + T cells increased from 20% before vaccination to 66.5% after vaccination. This response also increased from barely detectable expression before vaccination to expression on 0.63% of CD8 + T cells after vaccination. These peptide epitopes were also used to measure the activation state of vaccine-specific CD8 + T cells both before and after vaccination (Supplementary Figure 1B) . All but 1 response remained unchanged or shifted to a slightly more activated state. Once again, the epitope with the largest increase in response, YI9, showed a pattern that differed from the patterns of the other 5 epitopes. Surface staining for CD38 on the YI9-specific CD8 + T cells increased from 0% before vaccination to 84% after vaccination. Ki67 staining also increased from 0% to 59%, Figure 3 . Functional, maturation, and activation profile of pre-and postvaccination CD8 + T-cell responses for different peptide epitopes. A, Pre-and postvaccination functional profiles in response to 6-hour incubation with 2 μg/mL optimized peptide epitope, showing the frequencies of memory CD8 + T cells displaying the depicted combinations of surface mobilization of CD107a (7) and intracellular production of interferon γ (IFN-γ; g), interleukin 2 (2), macrophage inflammatory protein 1β (M), and tumor necrosis factor α (T). Individual data points are represented by a blue dot, for prevaccination values, and a red dot, for postvaccination values. Six different peptide epitopes were tested using peripheral blood mononuclear cells (PBMCs) prepared from 4 different vaccinees (Supplementary Table 3 Seventy-seven clones were sequenced before vaccination, and 82 clones were sequenced after vaccination. B, Tetramer-specific T-cell receptor frequency for the positive responses to the optimized B08 epitope YL8. Eighty-six clones were sequenced before vaccination, and 85 clones were sequenced after vaccination. C, Tetramer-specific T-cell receptor frequencies for the optimized B51 epitope YI9. Seventy-three clones were sequenced before vaccination, and 92 clones were sequenced after vaccination.
suggesting continued vaccine-induced stimulation of these CD8 + T cells, 1 month after vaccination ( Figure 3C ).
T-Cell Receptor Use
T-cell receptor use was determined in 5 separate epitope-specific CD8 + T-cell responses, all of which were increased by vaccination and for which class I tetramers were available (Supplementary Table 2 ). Of note, these epitopes were well conserved across clades, except for YI9, which was only represented in clade A. The median prevaccination frequency of the 5 tetramerpositive CD8 + T cells studied in this this group was 0.17% (range, 0.013%-0.33%). After vaccination, the median frequency of tetramer-positive CD8 + T cells was 0.48% (range, 0.26%-0.98%). The median increase in the frequency of tetramer-positive CD8 + T cells was 2.2-fold (range, 1.4-78-fold). In general, the T-cell receptors used by these epitope-specific T cells tended to remain stable, with little change in clonal hierarchy despite the overall increase in response frequency. The one exception was the YI9-specific CD8 + T-cell population, which exhibited a complete change in T-cell receptor clonotype use after vaccination (Figure 4) . The epitope that these T cells responded to was an A clade epitope, YPPIQGVI. The YI9 epitope-specific CTLs also showed a change to a less mature phenotype and higher frequency of CD38 and Ki67 expression after vaccination. To test whether the A clade YI9-specific clonotypes cross-reacted with the analogous B clade 9mer, YAPPISGQI, the frequency of IFN-γ-producing cells, as determined by intracellular cytokine assay, was determined after stimulation with each peptides at different peptide concentrations. The half-maximal functional sensitivity was 13.8 nM for the vaccine matched A clade YI9 peptide and 882 nM for the homologous B clade 9mer ( Figure 5 ). There was no response to the B clade 9mer prior to vaccination. [38, 39] . We found no effect of vaccination on CD4 + T-cell counts ( Figure 6A ) or HIV load, measured by either standard clinical methods ( Figure 6B ) or an ultrasensitive single copy assay ( Figure 6C ). Frequency of latently infected resting CD4 + T cells was also unaffected by vaccination ( Figure 6D ). No significant change in pooled clade A, B, or C envelope antibody titers was observed between the serum samples obtained before and 1 month after vaccination.
Vaccination did appear to cause a statistically nonsignificant increase in binding to peptides in the V3 loop. On the basis of the magnitude of response, it appears that the response was more specific to subtypes A, B, and CRF02 (data not shown).
DISCUSSION
In this study, vaccination of HIV-infected individuals receiving effective antiretroviral therapy with a DNA prime, rAd5 boost vaccine regimen was safe and well tolerated and effectively expanded HIV-specific T-cell responses. Although the majority of HIV-specific CD8 + T cells induced by the vaccination represented expansions of preexisting responses whose maturational phenotype and clonotypic hierarchy did not change, we demonstrated increased polyfunctionality among the boosted populations and the induction of a new CD8 + T-cell response to an epitope that was not otherwise targeted during infection. We did not detect any change in either the median single-copy assay-determined viral load or viral latency after vaccination. The rationale for vaccinating HIV-infected individuals receiving HAART is to improve the quality and/or magnitude of HIV-specific immune responses, thereby leading to better immune control. Numerous HIV-induced immune defects are at least partially reversed by HAART. Total and antigen-specific CD4 + T-cell numbers increase, allowing cessation of secondary prophylaxis for cytomegalovirus infection, Pneumocystis jirovecii pneumonia, and toxoplasmosis [40] . The frequency and surface density of exhaustion markers such as PD-1 and CD160 are also reduced by treatment, a change associated with improved functional and proliferative capacity of total and antigen-specific CD8 + T cells [41] [42] [43] [44] . In addition, chronic immune activation decreases with treatment. The immune system is therefore more likely to respond to vaccination in the presence of HAART. However, merely boosting the frequency of HIV-specific CTLs is not sufficient to improve viral control [45] . It is reasonable to speculate that therapeutic vaccination will need to change the functional capacity or broaden epitope recognition within the CTL compartment if it is to improve virologic control. The induction of a CTL response directed against a B clade epitope by an A clade Env sequence shown here is encouraging, particularly considering that previous B clade Env epitopes have not been identified at this site [46] . Induction of new, relevant HIV-specific epitopes using slightly mismatched antigens may offer a means of broadening the immune response in chronically infected individuals; in this case, however, a single newly induced response with a relatively low avidity is likely to have a minimal impact on viral control. Instituting treatment interruption to judge the efficacy of a therapeutic intervention is still both possible and important, but it has been made more difficult primarily because of the increased emphasis on the benefit of early therapy initiation and the importance of continuous therapy. These considerations have made it difficult to recruit volunteers who are willing to interrupt treatment during a study. Nonetheless, this study has shown that it is possible to increase the magnitude and quality of the HIV-specific CTL response by therapeutic vaccination, albeit in the absence of evidence of efficacy. We examined 2 possible treatment-interruption surrogates previously used to assess treatment efficacy: ultrasensitive single-copy viral load [47] and quantitation of latent viral load [48] . Although limited by small sample size and by undetectable plasma virus and latently infected CD4 + T cells, neither method showed evidence of vaccine efficacy. In the absence of treatment-interruption studies, these techniques most likely give some indication of vaccine efficacy. However, only limited data are available comparing these methods to the effect of vaccination on control of viral replication in chronic infection. Accordingly, these methods should not be accepted as a replacement for treatment interruption in the assessment of vaccine efficacy.
Therapeutic vaccination of individuals treated with HAART during acute rather than chronic HIV infection may result in improved virologic control. In these individuals, vaccination would be conducted in the context of a larger CD4 + T-cell repertoire and less exhausted CD4 + and CD8 + T-cell compartments. Escape mutations are also less likely in early infection. During HAART, vaccination could boost nascent responses and potentially induce new HIV-specific CD8 + T-cell clonotypes, resulting in improved immunologic control. Furthermore, induction of HIV-specific CD8 + T-cell responses with a vaccine that produces a low level of antigen may induce higheravidity T-cell clonotypes than those induced during high-level viremia [49] . Whether the observed vaccine-elicited changes in the immune response are sufficient to alter the subsequent course of disease in individuals with chronic HIV infection could not be tested with treatment interruption in this trial. Although sample size hampers interpretation of these data, the absence of any significant change in either single-copy viral load or the frequency of latent infection may suggest that a more potent immunogen is needed or that therapeutic vaccination alone is not sufficient to improve viral control in chronically infected individuals. Nonetheless, the changes in CTL function reported here have been associated previously with improved virologic control in chronic infection. It is therefore possible that therapeutic vaccination in combination with other treatment modalities may constitute a viable treatment strategy in chronically infected individuals. Adjunctive options include treatment with histone deacetylase inhibitors or other agents to stimulate HIV out of latency, thereby rendering these cells more susceptible to killing by CD8 + T cells, and the use of PD-1-blocking antibodies to further revitalize exhausted CTLs [50] . Such combined modality treatment interventions in conjunction with therapeutic vaccination may lead to enhanced immune control and a decrease in the latent viral reservoir. 
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